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In the present paper through a shear test on a fully saturated granular medium, simulated by the discrete
element method, the effect of the heat produced by friction on the internal pore water pressure is explored.
It is found that the dissipated energy is enough to increase the pore pressure and reduce the soil strength. In
adiabatic and impermeable conditions the heat builds up quickly inside the shear band, and the softening is more
pronounced. It is found as well that for real geological materials, heat conduction is not enough to reduce the
pore pressure, and the softening prevails. Nevertheless, it is observed that the hydraulic conduction may mitigate
or completely eliminate the temperature growth inside the shear band. This result provides new understanding
on the thermodynamic factors involved in the onset of catastrophic landslides.
DOI: 10.1103/PhysRevE.86.061302 PACS number(s): 45.70.−n, 47.11.Mn, 45.40.−f
I. INTRODUCTION
Landslides are one of the most devastating natural hazards
known to exist. Many mechanisms play important roles on
their onset and further evolution. After many years of research
some of these factors have been recognized. For instance,
the role of the pore pressure in the loss of soil strength is a
well-established principle, also known as the Terzaghi criterion
[1] on the effective strength, included in basic geotechnical
engineering courses. Pore pressure is affected by factors such
as grain dynamics, capillarity forces, and the interactions
with air [2]. One important aspect that has drawn a lot of
attention is the so-called liquefaction phenomenon [3], where
the movement of the grains (started by an earthquake, for
example) induces sudden pore pressure increments in some
sections of the soil, reducing its strength and stability. In the
1960s the vaporization hypothesis was introduced by Habib
[4]. It postulates that the heat produced by friction can be high
enough to increase the pore pressure significantly. Following
this idea, a set of partial differential equations relating the
pore pressure, the water temperature, and the shear rate was
first formulated by Vardoulakis [5,6] and further developed by
Goren and Aharonov [7–9], but an experimental corroboration
of this effect still has not been done. The thermodynamic
coupling between the elastoplastic soil and the pore water
proposed in these models does not take into account the
mechanical coupling that is present in saturated conditions
such as the dilation produced by the pore pressure or the drag
fore of a particle immersed in the fluid.
Such mechanical coupling has been proposed in the
literature with models based on the discrete element model
(DEM). In these models the pore pressure acts as another
force for the DEM particles, and the evolution of this pressure
is given by the evolution of the pore pressure [10]. More
sophisticated models couple the mechanical behavior of the
DEM with the solution of the Navier-Stokes equation [11]
*s.galindotorres@uq.edu.au
to study the liquefaction of saturated soils. Other models
include the capillary interaction that may bind the grains
under unsaturated conditions [12]. Recently, the DEM has been
coupled with the lattice Boltzmann model for fluids to fully
couple the mechanical behavior of fluids and solids [13], which
is a promising technique with the potential to describe a wide
range of phenomena in saturated and unsaturated conditions.
However, these models ignore the thermodynamic coupling
which is needed to explore the vaporization hypothesis at the
micromechanical scale.
In the present paper we introduce a fundamental simulation
tool to further explore this hypothesis. The grains are modeled
with the widely used discrete element method, with discrete
elements generated through the Minkowsky-Voronoi (MV)
formalism introduced in [14]. With this method, particles
with random shapes can be considered with small computer
effort, and energy balance can be checked, including the heat
produced by friction, with ease. Moreover, including the effect
of the water pressure on the grains is straightforward. The
water itself will be modeled with an accurate approximation
to its real equation of state (EOS) given by the International
Association for the Properties of Water and Steam (IAPWS)
report [15], based on experimental data. This fundamental
model offers a powerful tool to study the proposed vaporization
hypothesis in detail. Our simulations show that this effect
actually takes place, even for high thermal conductivities of
the soil and on a broad range of hydraulic conductivities. The
effect, nevertheless, can be mitigated by high values of the
hydraulic conductivity.
II. THE SIMULATION MODEL
The MV particle array to be used for this study is shown
in Fig. 1(a). The particles are dilated by a disk that greatly
simplifies the contact detection. Consequently, they end up
with rounded corners, the interactions among particles are
vertex to vertex and vertex to edge, and the grains’ elastic
constant is set large enough to avoid the intersection of
edges. Furthermore, the CPU time can be optimized through a
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FIG. 1. (a) An array of MV particles enclosed by two horizontal
lids to simulate a shear band. The vertical z direction is shown along
with the normal stress applied on the top lid (σv). (b) The contact law
for MV particles.
two-level Verlet list: one for the particles and one for the
vertices and edges inside them. The interested reader is
encouraged to refer to Ref. [14] for further details. For this
paper it is sufficient to note that if there is a contact, as shown in
Fig. 1(b), the normal n and tangential t directions are defined.
The contact force is expressed as
F = (Knδ + Gnmevreln )n + (Gtmevrelt + Ff ) t, (1)
where Kn is the normal stiffness, δ is the overlapping distance
between the two MV particles, Gn and Gt are the normal and
tangential viscous constants to account for inelastic collisions
(also required for the system to converge), me is the reduced
mass of the particles, and Ff is the frictional force. The
magnitude of this force is Ff = min(Ktδt ,μFn), with Kt
being another stiffness parameter related to the tangential
displacement δt , μ being the microscopic friction coefficient,
and Fn being the normal force at the point of contact. Due to
this linear spring model, the method allows for the accurate
measurement of the energy balance, which is why it was
chosen for this study. The MV method ensures a random
configuration for the different polygons, and therefore, several
random samples can be considered for each set of parameters.
In the present paper, eight random samples are considered for
each set of parameters, and the variables are reported as the
average of these samples with the corresponding error given
by the standard deviation.
To model the shear band, an array of MV particles is set
between two horizontal plates [see Fig. 1(a)]. The upper lid
moves to the right at constant speed, and a vertical load σv
is applied on it. Horizontal periodic boundary conditions are
imposed for the MV particles; i.e., a particle that leaves the
domain to the right reenters from the left. Water shows as an
extra force
Fp = phl (2)
over the upper lid, proportional to the pore pressure p, the lid’s
length l, and the extruded thickness h. This force effectively
couples the pore pressure with the mechanical behavior of the
upper lid. As the pressure pushes up the lid, the contact force
between the lid and the grains will decrease along with the
friction resistance. This is an application of the effective stress
(Terzaghi criterion [1]) principle for saturated soils.
Previous works have used a similar model to simulate a
shear band with disks or spheres [16]. The main justification
of the model is the well-known fact that the localization
of the shear band is usually in a thin layer of 10 to 20
particle diameters [17] and the lids represent the bulk of the
granular ensemble that remains solid. Larger samples may
be considered to allow a shear band to form naturally, but
for this study it is not necessary and will only increase the
computational requirements.
Three simulation stages are carried out for each sample.
The first stage compresses the sample vertically until an
equilibrium criterion based on the mean particle velocity is
met. The second stage shears the sample until a steady shear
rate is found. Figure 2 shows the steady shear state where
the second stage ends and the third stage, where the water is
introduced, starts. This steady state is the well-known critical
state [18] where there is no further dilation of the soil due
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FIG. 2. (Color online) The thickness of the shear band during the
second stage of the shearing stage. The shear strain γ is calculated
by multiplying the constant shear rate by the time. The third stage
of the simulation, where the effect of water is included, starts at the
critical state (marked by a line) where there is no further dilation due
to mechanical shearing.
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to mechanical shearing. It will be shown that even at this
critical state, where the dilation due to mechanical shearing
is nonexistent, there will be a secondary dilation and loss of
strength due to the thermodynamical coupling.
The evolution of the water pressure p requires an EOS
to be related to the amount of heat gained by friction.
In the present work the open source library FREESTEAM
(http://freesteam.sourceforge.net/) is used, which already con-
tains these relations based on the IAPWS report. To properly
use this library, two state variables must be chosen. Due
to the nature of the problem, we have chosen the specific
energy u and the specific volume (inverse of the density) v.
The FREESTEAM library already has the water pressure p and
temperature θ as a function of these two variables: θ (u,v)
and p(u,v). Furthermore, because incompressible water is
assumed, v = 1.0−3 m3/kg, and the problem reduces to finding
the time evolution of u.
The specific internal energy u of water increases from
the heat produced by friction. The MV method allows us to
measure the energy dissipated by the contacts with ease. At a
given instant, the amount of heat dQ dissipated during a time
step dt is
dQ =
∑
contacts
Ff · v dt − dPd − dPh, (3)
where the sum considers all the contributions of the frictional
forces Ff from all possible contacts. Here, v is the relative
velocity at the contact, dPd is the heat dissipated through the
upper wall, and dPh is the energy dissipated by the hydraulic
conductivity. Not all this heat goes into the water since the
granular skeleton has also a finite heat capacity. The actual
fraction is given by
dQwater = Cvwater
Cvwater + Cvgrains dQ, (4)
where Cv is the heat capacity at constant volume for each ma-
terial. The specific heat capacity for water is a thermodynamic
variable and a function of u and v, and it is also included in
the FREESTEAM library. To obtain the total heat capacity, it
must be multiplied by the total mass of water M . Once the
heat received by the water Qwater is known, the new specific
internal energy for the water is found as
u = u0 + Qwater
M
, (5)
with u0 being the initial water specific internal energy
(determined by the initial pressure and temperature).
Both the hydraulic and heat conductivity can reduce the
water’s internal energy and hence its pressure. The equations
governing both diffusion processes are similar. The equation
for the heat diffusion is
ρscs ˙θ = kθ ∂
2θ
∂z2
, (6)
where ρs and cs are the density and the specific heat capacity
of the solid block resting above the upper load, respectively,
kθ is the heat conductivity, and θ is the local temperature at
a position z above the shear band. The boundary conditions
are θ = 20 ◦C at 10 m above the shear band, and θ |z=0 is the
shear band’s temperature. To couple the heat dissipation with
the temperature evolution inside the shear band, the term
dPd = −kθhldt ∂θ
∂z
∣∣∣∣
z=0
(7)
is used in Eq. (3) to account for the amount of heat crossing to
the top lid.
To construct a similar equation for the diffusion of water,
the model developed by Goren and Aharanov [7] is used. It
starts from the continuity equation,
˙ζ + ∂q
∂z
= 0, (8)
where ζ is the rate of variation of fluid content per area in units
of s−1 and q is the fluid flow rate in m/s. The rate of variation
of fluid content is related to the change in pressure,
˙ζ = Sσ p˙, (9)
where Sσ is the unconstrained specific storage (taken as
3.0 × 10−9 Pa−1 in [7] for limestone). The unconstrained
specific storage is defined as the volume of water released
from storage per unit volume per unit pressure difference
while keeping the stresses over the volume constant (please
see a complete definition in [19]). More detailed forms for
this previous equation include thermal expansion effects, but
those have been neglected in this study since the expected
temperature difference is small enough to prevent significant
dilation on the soil. The second component of the water
governing equation is Darcy’s law,
q = −kh
η
∂p
∂z
, (10)
with kh being the hydraulic conductivity and η being the dy-
namic viscosity of water. By combining these three equations,
the governing relation for water is obtained:
p˙ = ∂
∂z
(
kh
ηSσ
∂p
∂z
)
. (11)
The value for the dynamic viscosity η was obtained from the
FREESTEAM library from the state variables for each z, but it
does not change significantly for the simulated regimes. The
boundary conditions are p = 1 MPa at z = 10 m (drained
boundary) and the shear band’s pressure at z = 0. With these
boundary conditions the pressure difference between the shear
band and the upper boundary causes a flux which will dissipate
the internal heat and mitigate the softening effect. This gradient
will be zero at the beginning of the simulation and will
increase with the pore pressure. Since the shear band thickness
is considerably smaller than 10 m, the pressure along the
shear band thickness can be considered constant. The energy
dissipated by the fluid flowing from the shear band is given by
dPh = kh
η
dtCvwater
∂θ
∂z
∣∣∣∣
z=0
∂p
∂z
∣∣∣∣
z=0
. (12)
Although during ideal incompressible conditions the constant
nature of the water density implies that the pressure does not
change in time, in this study it is assumed that the liquid
water pressure evolution is independent of the density. This is
a good approximation for the liquid water where the hard ball
repulsion ensures a small compressibility (∂p/∂ρl → ∞, with
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TABLE I. Set of parameters used in our simulation. Some of the
values for these parameters, such as the value for the unconstrained
specific storage, were taken from [7] for easy comparison.
Parameter Value
Time step 10−5 s
Length step 0.01 m
Granular density 3000 kg/m3
Average length of a polygon side 0.01 m
Friction coefficient μ 0.5
Normal stiffness Kn 106 N/m
Tangential stiffness Kt 106 N/m
Normal viscous constant Gn 104 1/s
Tangential viscous constant Gt 103 1/s
Initial pore pressure 1.0 MPa
Initial temperature 20 ◦C
Unconstrained specific storage 3.0 × 10−9 Pa−1
ρl being the liquid phase density), and therefore the density is
no longer a function of the pressure [ρl(p) = const].
Both equations are solved by the method of lines where
the spatial derivative is divided in discrete steps along the z
direction. A system of coupled one-dimensional differential
equations is obtained in the following way:
˙f (z) = α ∂
2f
∂z2
≈ αf (z + z) − 2f (z) + f (z − z)
z
, (13)
with f and α replacing the key variables for either the
temperature or the pressure equation. The value for the length
step z is given in Table I. The power dissipated by the
hydraulic conductivity dPh and by the heat dissipation are
used to solve the amount of heat enclosed into the shear band
using Eq. (3). The pressure and temperature at the shear band
are used as the values for p|z=0 and θz=0 for this system of
equations. Due to this fact, the system is closed, and it couples
the thermodynamical evolution of water with the mechanical
evolution of the solid grains.
This model does not combine the grains and the fluid
mechanically, only thermodynamically. The justification for
this is that the water on the pores moves roughly at the
same velocity as the grains, and therefore any drag force is
negligible. Also, although in this two-dimensional model the
pores are not connected, by assuming that all pores share the
same temperature and pressure the connectivity that is present
in three-dimensional (3D) situations is included. However,
extending this model to 3D should be the focus of further
study.
For our simulations the parameters shown in Table I
are used. The stiffness parameters were chosen to ensure a
significant change of the friction force between particles with
small displacements given by pore pressure acting on the upper
lid. In fact, they are proportional to the extruded length h since,
for higher values of it, higher stiffness values are needed to
support the load and ensure a small overlapping between the
particles. However, they have been kept bounded since in DEM
high values of stiffness impose small values for the time step,
which is undesirable. The values shown are associated with
h = 1 cm; for different values of h the stiffness values should
be scaled accordingly.
III. SAMPLE WITH ADIABATIC
IMPERMEABLE CONDITIONS
Initially, both conductivity constants kθ and kh are set to zero
to explore the shear band behavior in adiabatic impermeable
conditions. Without water [Fig. 3(a)] the shear stress on the
upper lid quickly reaches a constant value representing a steady
shear state. The measured macroscopic friction coefficient
(μ∗ = τwall/σv) is close to 0.5 and equals the microscopic
coefficient μ, as expected, since the top lid is sliding against
the grains, which are moving at a slower velocity. When
water is introduced, the lid is slowly moved upwards by the
pore pressure, and hence the friction is reduced. The soil
strength decreases, and at this point, a catastrophic landslide
may occur.
In Fig. 4 the evolution of the porosity φ is shown for the
third simulation stage once water is included for the case
σv = 3 MPa. The value for the porosity lies between 0.16
and 0.17. The small value for the porosity is due to the close
packed initial configuration of the Voronoi construction and
the two-dimensional nature of the simulation. The porosity
increases since the pore pressure gradually lifts the upper
lid. The increase is small, but considering the high value for
the normal stiffness, this small displacement translates into a
significant difference in the friction strength of the soil. This
justifies the values chosen for the DEM stiffness parameters.
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FIG. 3. (Color online) Shear stress over the upper lid τwall of
Fig. 1 for two different loads: 7 MPa (circles) and 3 MPa (squares)
for samples (a) without water and (b) with water. The velocity of the
upper lid is set to 0.1 m/s.
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FIG. 4. (Color online) Evolution of the porosity in time for the
sample with water.
Both temperature and pressure are key variables for this
problem. Figure 5 shows the evolution of these quantities for
different values of σv . Higher loads increase the growth rate
of both pressure and temperature. This is expected since for a
higher load there is a higher mean friction force. It is interesting
to note that the final pressure approaches σv , which means that
eventually the pore pressure sustains the load. Moreover, the
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FIG. 5. (Color online) (a) Excess pressure p and (b) water
temperature θ for different σv values.
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FIG. 6. (Color online) Evolution of the excess pore pressure as a
function of different shear rates γ˙ and different numbers of particles
along the y direction.
temperature increase is significant (close to 4 K), providing a
way to measure the phenomenon in the field.
The next step is to check the dependence of this problem
with the mean thickness d of the shear band and the top lid
velocity v. Both quantities can be combined in a single state
variable, which is the shear rate γ˙ = v/d. Figure 6 shows
the evolution of the excess pressure p for different shear
rates and different numbers of particles positioned along the
y direction. The results show that the evolution of the excess
pore pressure depends solely on the shear rate for a number
of particles greater than 16 along the y axis. The shear rate is
therefore the key variable for this phenomenon.
IV. EFFECT OF HEAT CONDUCTIVITY
The results for a particular simulation with two different
values for the conductivity coefficient are shown in Fig. 7.
The difference is not appreciable for kθ = 4 W/mK, which
is a common value for the granular skeleton of soils [5].
Hence, the diffusion process with a realistic heat diffusion
coefficient is too slow to prevent the softening of the shear
band in the conditions considered. Soils do not exhibit values
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FIG. 7. (Color online) Pore pressure p for two different values of
the heat conductivity coefficient.
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for kθ high enough to modify this situation. Heat diffusion is
therefore not a realistic way to prevent the loss of soil strength.
Larger values for the diffusion coefficients are known in rarer
materials, such as graphene (kθ ∼ 4000 W/mK) and diamonds
(kθ ∼ 3000 W/mK).
V. EFFECT OF HYDRAULIC CONDUCTIVITY
In contrast to the limited range of values for the heat
conductivity coefficient, the hydraulic conductivity for real
geological materials covers a wider spectrum. Actually, kh
depends on the way the soil is prepared. Some examples
are pervious materials, such as well sorted gravel, with kh
on the order of 10−5 cm2; semipervious materials, such
as very fine sand, with kh ∼ 10−10 cm2; and impervious
materials, such overconsolidated clays, with kh ∼ 10−15 cm2.
Figure 8(a) shows the evolution of pressure for different values
of the hydraulic conductivity. Four values were considered:
kh = 0.0,10−9,10−8,10−7 cm2. Higher values of the hydraulic
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FIG. 8. (Color online) (a) Excess pore pressure p for different
hydraulic conductivity coefficients. The arrow shows the direction
in which kh grows. (b) Residual pressure ps for different values
of kh, showing an asymptotic power-law dependence for large
conductivities.
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FIG. 9. (Color online) Macroscopic friction coefficient μ∗ vs
kh. The horizontal line represents the microscopic friction value of
μ = 0.5.
conductivity ensure lower saturation values for the excess
pressure. Since the load is kept as σv = 4.0 MPa in all
simulations, the highest value of kh ensures that the load
is not completely lifted by the excess pressure; therefore,
pressure driven flow is an effective way to control the loss of
soil strength. Figure 8(b) shows the final (saturation) pressure
ps as a function of kh. For large values of kh a power-law
dependence between the final pressure and kh can be observed.
The exponent has been found to be −0.26(2).
The macroscopic friction coefficient μ∗ = τwall/σv can also
be estimated by measuring the final shear stress over the top lid
at the saturation point. Figure 9 shows how μ∗ is considerably
small for small values of kh. By increasing kh the friction
coefficient approaches the value observed in Fig. 3(a). Hence
a large permeability eliminates almost completely the effect
of frictional heating, and the soil retains its former strength.
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FIG. 10. (Color online) Comparison between GA model and
simulation for σv = 4.0 MPa and kh = 10−8 cm2.
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FIG. 11. (Color online) Velocity profile obtained from the
simulation.
Finally, a comparison with Goren and Aharonov’s [8] (GA)
model is an important validation for our simulation platform.
They assume that the heat conductivity is not high enough to
prevent the pore pressure to build up, in agreement with our
numerical evidence. In the GA model the pressure evolution is
ruled by the diffusion produced by Darcy’s law, and the source
term is given by the energy dissipated inside a frictional shear
band. When adapted for our situation, the GA model becomes
p˙ = ∂
∂z
(
kh
ηSσ
∂p
∂z
)
+ μ
ρc
γ˙ (σv − p) (14)
for z = 0, and it follows Eq. (11) for z > 0. Here,  is the heat
pressurization coefficient (rate of change between the temper-
ature and pressure), which lies around 7.96 × 105 Pa/K. The
bulk density ρ and the bulk specific heat c are obtained as
weighted sums as functions of the porosity n [for instance,
ρ = ρs(1 − n) + ρf n]. For our case ρc = 3.2 × 106 J/m3K.
The GA model assumes that the velocity profile is linear, and
therefore γ˙ = v/d, with d being the shear band’s thickness.
Figure 10 compares the GA model with the simulation results,
showing a fair agreement for the steady state but an important
difference for the initial state. This difference is due to the
higher heat dissipation produced by the GA shearing model.
This issue has been reported and is the solution to the heat flow
paradox [16,20]: due to rolling, the heat produced by friction
is lower than expected for a linear velocity profile. Therefore,
the GA model should be corrected to account for this vorticity
and give a more accurate prediction. Figure 11 illustrates this
case: the velocity of the MV particles does not follow a linear
profile, but a pattern of rolling vortices.
VI. CONCLUSIONS
An extensive numerical simulation plan of a granular shear
band whose strength is reduced by the heating of internal water
from frictional forces among grains was carried out. The model
is based on the DEM method for the simulation of the grains
and the IAPWS report for the water equation of state. Our
simulations show that in normal conditions enough heat is
produced to increase the water pressure inside the granular
material until it equals the load pressure, reducing the effect
of friction and effectively liquefying the soil. This conclusion
is true not only for adiabatic and impermeable conditions but
for more realistic conditions as well. The heat conduction
of typical geological materials is not enough to stop this
softening, and only large hydraulic permeabilities can prevent
this process. Moreover, it has been found that the pore pressure
ps quickly decreases for large permeabilities kh, following a
power-law dependence ps ∼ k−0.26h . In addition, it has been
found that the shear rate and the shear band dimensions affect
the time the softening takes but not the final state. Such a
final state coincides with the one predicted by the Goren
and Aharonov model for softening, but the initial evolution
is affected by the heat flow paradox. These results suggest
that friction-induced liquefaction can actually take place in
landslides, as Habib and Vardoulakis proposed [4,5].
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